Abstract
Introduction

31
Intervention strategies aimed at improving human health, agriculture, biotechnology and 32 the environment inevitably impact microbial communities; even in situations where 33 microorganisms are not the direct targets of intervention. Given the potential of microbial 34 populations and communities to rapidly respond to any environmental change (Bissett et al. Zogg et al. 1997) , it is crucial to 36 consider both the short-and long-term effects resulting from ecological species sorting and 37 adaptation. Of particular concern is if longer-term responses reduce the efficacy of intervention 38 or result in negative consequences. This might occur if the intervention opposes the naturally 39 human-beneficial characteristics of microbes. This study investigates such a scenario in the 40 3 context of raising pH using lime-containing materials, a common intervention practice aimed at 41 reducing heavy metal toxicity (Wuana and Okieimen 2011) . 42
Heavy metals (metals and metalloids with a density above 5 g -1 cm 3 ) are ubiquitous 43 components of the Earth's crust (Nriagu and Pacyna 1988 can adversely affect human, plant and wild-life at high concentrations (Tchounwou et al. 2012) . 50
Consequently, there is increasing interest in remediating metal-contaminated environments. 51
Acidic conditions often prevail in mine-degraded sites, and the bioavailability of many heavy 52 metals is increased under such conditions (Wuana and but not between the control and ancestral community (Bonferroni-corrected P = 0.408). 116
Siderophore production by individual clones (n = 2016) was assayed by quantifying 117 extracellular iron-chelation activity in vitro using liquid CAS assays (Schwyn and Neilands 118 1987) . Microbial communities naturally varied in their siderophore production (lmer: random 119 intercept variance of microbial community = 0.15; Fig. 4a) , with all ancestral communities 120 containing multiple siderophore-producing clones (Fig. 4c) . Crucially, liming strongly selected 121 against siderophore production (treatment effect: χ 2 2 = 2247.6, P < 0.001; Fig. 4a-b) . Mean per-122 capita siderophore production was significantly reduced in lime-treated (mean = -0.25, 95% CI = 123 -0.32 --0.18) compared to ancestral (mean = 0.31, 95% CI = 0.24 -0.39) or control soils (mean 124 = 0.56, 95% CI = 0.48 -0.64) (Tukey contrasts for C-T 0 : z = 18.85, L-T 0 : z = -42.84 and L-C: z 125 = -61.60, all P <0.001). This pattern was driven by lime selectively favouring non-siderophore-126 producing clones (Fig. 4c) . Control communities showed an increase in siderophore production 127 (Fig. 4) , which was likely caused by selection pressures resulting from laboratory conditions. 128
129
Discussion
130
Our findings demonstrate that the effect of liming on siderophore production is consistent 131 across a range of metalliferous soil samples despite the fact that: i) microbes can produce 132 did not restrict the availability of iron, community-wide adaptive responses to liming were most 135 likely driven by changes in metal toxicity rather than iron scavenging. Intervention practices that 136 buffer the effects of metal toxicity are therefore likely to select against other microbial resistance 137 traits that remediate the environment (e.g. heavy metal sequestration), irrespective of whether7 these traits primarily benefit the actor or confer cooperative resistance to other members of the 139 microbial community (Niehus et al. 2017) . 140
Our previous work has shown that changes in community-wide siderophore production 
207
Freezer stocks were prepared by vortexing 1 g of soil for 1 min with 6 ml of M9 buffer and sterile glass beads, after 208 which the supernatant was stored at -80°C in a final concentration of 25% glycerol. 
241
and i7) for sample identification. 15 cycles of PCR were performed using the same conditions as above for a total of 242 25 cycles. Samples were purified using Axygen SPRI Beads before being quantified using Qubit and assessed using 
285
with random intercepts fitted for individual samples (n = 30) to account for soil-specific dependencies. We used a 286 similar approach to test for the effect of liming on mean per-capita siderophore production, with the addition of 287 random intercepts being fitted for individual clones (n = 24) nested within each soil community. In general, full 288 models were simplified by sequentially eliminating non-significant terms (P > 0.05) following a stepwise deletion 289 procedure, after which the significance of the explanatory variables was established using likelihood ratio tests. In
290
case of significant treatment effects, Tukey contrasts were computed using the 'glht' function from the R package 
292
-1042 mg per litre of interstitial liquid (Fig. 2) . To test how liming affected the availability of rare metals in 293 particular we calculated standardized differences between paired samples by dividing sample-specific metal
294
quantities by the overall mean of each metal. We then used one-tailed t-tests to compare standardized treatment 295 differences to zero, corrected for multiple testing ('p.adjust' with method = 'fdr'). We removed some metals (As,
296
Ga, Pb, Sn and Ti) from these analyses as the majority of samples contained undetectable levels ( 
298
To compare the composition of the microbial communities, we examined the impact of community origin
299
and treatment (i.e. ancestral sample, liming or control) on the weighted Unifrac distance, which weights the 300 branches of the phylogenetic tree based on the abundance of each ASV. Differences in composition between 301 communities were analysed using the R packages 'phyloseq' and 'vegan'. Permutational ANOVA tests were run 302 using the 'adonis' function in the R 'vegan' package using community origin and treatment as main effects and 
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We thank Sharon Uren for running our samples on ICP-MS for soil chemistry quantification. summarize the significance of this lime effect, estimated using one-tailed t-tests corrected for multiple testing (** P < 0.05 and * P < 0.1). Note that a subset of metals (As, Ga, Pb, Sn and Ti) was not included in the statistical analyses as the majority of samples contained undetectable levels. Bar plots demonstrating (b) a non-significant effect of liming on total metal availability (mean ± 1 S.E.), partitioned into iron (black) and non-iron (mint green) metals and (c) a significant reduction in total non-iron metal availability (mean ± 1 S.E.)
in limed soils, partitioned into individual metals, which are arranged based on their mean across-treatment availability, with magnesium (Mg) being most common. Star denotes significant Tukey contrast, with α < 0.05.
A source file containing a table summarizing treatment-specific metal availability is available in Figure 2 -source data 1. A source file depicting the effect of liming on the relative abundance of common phyla is available in Figure 3 -source data 1. 
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